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Simultaneous immunocytochemical localization of renin and kallikrein
in the rat renal cortex. Immunocytochemical studies in the past, using
alternate serial sections to localize individual antigens, concluded that
there was no close relationship between renin— and kallikrein—contain-
ing structures in the rat kidney. We have investigated this relationship
by simultaneously localizing renin and kallikrein in the same section
using immunoperoxidase with two different chromogens. Analysis of
serial kidney sections from three rats indicated that kallikrein—contain-
ing late distal tubular cells corresponded in their distribution to con-
necting tubule cells. They were observed in the proximity (< 3 s) of
renin—containing JG cells in 66.6% of the superficial (N = 30), 46.6% of
the midcortical (N = 15) and 26.7% of the juxtamedullary (N = 15)
afferent arterioles surveyed. When traced through serial sections, 90%
of the afferent arterioles from superficial glomeruli (N = 30), 86.7% of
the afferent arterioles from midcortical glomeruli (N = IS)and 73.3% of
those from juxtamedullary glomeruli (N = 15) came within 3 of a late
distal tubule showing some kallikrein—positive cells. These cells were
adjacent to the afferent arteriole in 67 to 80% of the arterioles surveyed.
This spatial relationship suggests an anatomical basis for a possible
interaction between the afferent arteriole, containing renin—positive JG
cells, and the kallikrein—positive late distal tubular cells.
There is evidence suggesting that the renin—angioten-
sin—aldosterone and the kallikrein—kinin systems are function-
ally interrelated [1]. The two systems are thought to be involved
in the regulation of electrolyte excretion, blood pressure, and
renal blood flow. Both systems share angiotensin I converting
enzyme, also called kininase II, which destroys kinins and splits
two amino acids from angiotension Ito produce the vasoactive
angiotension II [2]. Early immunohistochemical studies by
Ørstavik et al [3] indicated that the first kallikrein—containing
cells in the distal tubule appeared at the level of the juxtaglo-
merular apparatus (JGA). The presence of renin in the juxta-
glomerular cells (JGC) has been well established by immuno-
cytochemical methods [4—6]. Those observations led to the
suggestion that a local interplay between the two enzymes
might influence kidney function and blood pressure regulation,
a speculation reinforced by the demonstration that kallikrein
activates renin and stimulates renin release "in vitro" [1, 7].
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A more recent histochemical study, however, questioned the
existence of an anatomical basis for any interaction between the
kallikrein and renin—angiotensin systems in the kidney [8].
Using alternate serial sections to individually localize renin and
kallikrein, it was concluded that nowhere in the kidney was
there a close anatomical relationship between the renin— and
kallikrein—containing structures and that kallikrein—containing
tubules were never seen in contact with the afferent arterioles.
In view of these conflicting conclusions, we have investigated
the anatomical relationship between renin— and kallikrein—
containing cells in the rat kidney by simultaneously localizing
the two enzymes in the same section using the ABC immuno-
peroxidase technique with two different chromogens. Our re-
sults, published in abstract form elsewhere [9], indicate that
there is a frequent and close proximity between the cells of the
distal nephron immunoreactive for kallikrein and the
renin—positive JGC. In addition, an even more consistent close
proximity of the late distal tubule (with kallikrein—positive cells
as a marker) and the afferent arteriole was observed.
Methods
Tissue treatment
Three male Sprague—Dawley rats weighing 175 to 200g were
anesthetized with sodium pentobarbital (0.1 cc/lOOg body wt)
and the kidneys were removed, longitudinally bisected and
fixed overnight by immersion in Bouin's fixative. Tissues were
dehydrated through a graded series of alcohols and embedded
in paraffin. Serial sections (3 to 4s) were mounted on glass
slides and placed in a 60°C oven for two hr prior to deparaf-
finizing with xylene and rehydration through a graded series of
alcohol solutions. The sections were rinsed (5 mm) in phosphate
buffered saline (PBS) containing 0.1% Triton X-l00 (Fisher
Scientific Co., Pittsburgh, Pennsylvania, USA) and incubated
overnight in rabbit anti-rat kallikrein antiserum (1:500).
Immunocytochemical technique
After rinsing the sections in PBS for 30 mm, they were
incubated for 1 hr with biotinylated goat anti-rabbit gamma
globulin antiserum diluted 1:500 with PBS. This was followed
by a 30 mm wash with PBS and a 1 hr incubation with avidin
DH:biotinylated horseradish peroxidase H complex (avidin-
biotin complex [ABC], Vector Laboratories, Burlingame, Cal-
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ifornia, USA) diluted 1:250 with PBS. The sections were then
washed with PBS for 30 mm and stained for 8 mm with 3,3'
diaminobenzidine (DAB) prepared as follows: 0.005gof DAB
diluted in 10 muter Tns buffer (pH 7.6) plus 0.3cc of 1% H202.
After rinsing the sections in PBS for 30 mm, they were
incubated overnight with anti-rat renin antiserum (1:5000),
rinsed with PBS for 30 mm, and treated with ABC solutions as
described above. They were then stained with 4-chloro-l-
naphthol according to Nakane [101, and after a final rinse in
PBS, the sections were covered with a glass cover slip using a
1:1 solution of glycerol and PBS.
Characterization and specificity of the rabbit antisera against
purified rat glandular kallikrein [11, 12] and against rat kidney
renin [13] have been previously described. These antisera were
diluted 1:500 and 1:1000 for kallikrein and 1:2000, 1:5000 and
1:10000 for renin, showing positive localization at those dilu-
tions. The antisera used were diluted with PBS containing 10%
non-immune goat serum.
Controls included sections incubated with a) anti-kallikrein
antiserum (1:500 and 1:1000) preabsorbed with 75 ig/mliter
purified rat urinary kallikrein and with b) non-immune rabbit
serum (1:500). No purified rat renin was available for blocking
controls. However, the antibodies used in this study have been
shown to have a high specificity for rat renin by radio-
immunoassay and quenching experiments using these antibodies
have been successfully carried out in previous studies [4, 8, 131.
Serial section analysis
Glomeruli from the superficial cortex (10 per rat), midcortex
(5 per rat) and the juxtamedullary area (5 per rat) were selected
for studying their afferent arterioles in the following manner: in
slides from the midportion of each series, glomeruli showing no
evidence at that level of a vascular pole or JGA were chosen for
study. The afferent arteriole for each glomerulus was followed
from the vascular pole to its junction with an artery, It was
noted where I) renin-positive arteriolar cells were closest to
Fig. 1. (A) Section of rat kidney treated with
anti—kallikrein antibodies. Dark granular
deposits are observed in the apical portion of
many late distal tubule—connecting tubule
cells (D). (B) Sequential section treated with
anti-kallikrein antibodies preincubated with
excess antigen. Blocking of the
immunocytochemical reaction is apparent.
x430.
kallikrein-positive tubular cells and 2) where tubules with
kallikrein-positive cells were closest to the afferent arteriole
regardless of the presence at that site of renin— or kal-
likrein—positive cells. In all instances, the closest sites were first
established with a calibrated micrometer eyepiece during mi-
croscopic observation [9], whereas in this report the distances
were measured with a ruler using photomicrographs (950 X).
Results
Distribution of kallikrein—positive cells
Immunostaining for kallikrein showed a granular appearance
in the apical portion of the cytoplasm and lateral to the nucleus
but not in the basal region of distal tubule cells (Figs. 1—5).
Preincubation of the anti-kallikrein antibody with rat urinary
kallikrein resulted in the blocking of the immunoreaction (Fig.
Ib). No specific localizations were found when sections were
incubated with non-immune rabbit serum.
No kallikrein—positive cells were seen in the glomerulus,
proximal tubule, thick ascending limb of Henle (TALH), or in
the first portion of the distal convoluted tubule (DCT) (Figs. 2
and 3). When the distal tubule was followed in the superficial
nephrons, kallikrein—positive cells were first noted in the distal
tubule as it returned from the capsule to the vicinity of the JGA
(Fig. 2). Kallikrein—positive cells were seen lining the tubule
together with kallikrein—negative cells in the late portion of the
distal tubule. On occasions, two tubular segments containing
kallikrein—positive cells were seen merging into a tubule lacking
such cells. No kallikrein—positive cells were found in the
tubules of the medullary rays or in the medulla indicating
absence of kallikrein immunorcactivity in the collecting duct.
Distribution of renin
As a rule, the JGAs examined contained renin—positive cells
in the afferent arterioles (Figs. 2 and 3). Renin—positive cells
were also observed alternating with renin—negative cells along
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Fig. 2. Low magnfIcation micrograph of renal
cortex illustrating renin—positive (r) and
kallikrein—positive () structures. Cell in the
late distal tubule shows kallikrein—positivity as
this segment returns to the afferent arteriole
(A). Renin—positivity is seen in the afferent
arteriole at the glomerular hilus. The
glomerulus (G), macula densa (MD), proximal
tubule (PT), thick ascending limb of Henle
(TALH), portion of the TALH extending
beyond the MD (*) and the first portion of the
distal convoluted tubule (DCT) show no
immunoreactivity for kallikrein. Arrows
indicate direction of flow of tubular fluid.
>( 445.
the afferent arterioles in a banded pattern as they emanated
from arteries (Figs. 4 and 5). Renin—positive cells were also
observed in the efferent arterioles and early capillaries originat-
ing from the efferent arterioles (Fig. 3). The frequency and
intensity of the immunostaining for renin in the efferent
arteriole was much less than in the afferent arteriole.
Relationship between kallikrein—positive and
renin.-positive cells
When afferent arterioles were followed through serial sec-
tions, kallikrein—positive cells were frequently seen adjacent to
renin-.positive cells (Figs. 3—5). Often no measurable space
could be detected between the kallikrein—positive cell and the
renin—positive cells at the sites of closest proximity. This
occurred either near or at a distance from the glomerular hilus
since renin—positive cells were also seen arranged in a band—like
pattern along the afferent arteriole (Fig. 5). This close relation-
ship between kallikrein— and renin—positive cells was observed
for afferent arterioles of glomeruli at all levels, although it was
more prominent in those of the superficial glomeruli (66.6% <
3s) than in those of the juxtamedullary ones (26.7% < 3)
(Table I).
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Relationship between late distal tubules, containing
kallikrein—positive cells, and afferent arterioles
The late distal tubule showed kallikrein—positive cells inter-
mingled with kallikrein—negative cells. Kallikrein—positive cells
of the late distal tubule were seen facing the afferent arteriole at
the closest point bctween the structures in 80% of the superfi-
Fig. 3. Kallikrein—positive (dark brown)
tubular cells are seen in close proximity to
renin—positive (blue) juxtaglomerular cells of
the afferent arteriole (A) at the glomerular
hilus. Renin—positivity is also noted in efferent
arteriole (E). The macula densa (MD), the
portion of the TALH extending beyond the
MD (*), and the first portion of the distal
convoluted tubule (DCT) show no
kallikrein—positivity. 0, glomerulus; D, late
distal tubule-connecting tubule. x 575.
Fig. 4. The close relationship between
kallikrein—positive (dark brown) tubular cells
and renin—posilive (blue) arteriolar cells. The
kallikrein—positivity can be observed
predominantly in the apical portion of the
cells. Kallikrein—positive cells are seen
intermixed with kallikrein-negative cells. A,
afferent arteriole; D, late distal
tubule-connecting tubule; G, glomerulus.
x 900.
FIg. 5. Afferent arteriole (A) with
renin-posilive (blue) cells dispersed along the
wall for a distance from the hilus. The
kallikrein-positive cells (dark brown) are far
removed from the hilus. D, late distal
tubule—connecting tubule; 0, glomerulus. x375.
cial, 67% of the midcortical and 80% of the juxtamedullary
affe rent arterioles analyzed. In Table 2, the spatial relationships
between the late distal tubules (identified by the presence of
kallikrein—positive cells) and the afferent arterioles was ana-
lyzed regardless of whether or not renin— and kallikrein—posi-
tive cells were simultaneously present at the sites of closest
proximity. 90% of the afferent arterioles in the superficial,
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Table 1. Spatial relationships between kallikrein— and
renin—positive cells
N
arterioles
%
Arterioles
<3
%
Arterioles
3—l0
%
Arterioles
>l0s
Superficial 30 66.6 20 13,3
Midcortical 15 46.6 26.7 26.7
Juxtamedullary 15 26.7 6.7 66.6
Table 2. Spatial relationships between late distal tubules (with
kallikrein—positive cells as a marker) and afferent arterioles
N
arterioles
%
Arterioles
<3i
%
Arterioles
3—10k
%
Arterioles
>10i
Superficial 30 90 10 —
Midcortical 15 86.7 13.3 —
Juxtamedullary 15 73.3 6.7 20
86.7% in the midcortical and 73.3% in the juxtamedullary levels
showed close proximity (< 3) to late distal tubules. Only in the
juxtamedullary region were some afferent arterioles found with
no anatomical relationship to a kallikrein—positive distal tubule.
Discussion
In this study the greatest concentration of immunoreactive
renin was observed in the afferent arteriole near the hilus of the
glomerulus. In addition, renin immunoreactivity was also fre-
quently present in the arteriole at a considerable distance from
the glomerulus, sometimes even as far as its junction with the
artery. These observations are in agreement with those of
Taugner et al [6] who investigated the distribution of renin in the
mouse kidney where they estimated that 100% of the afferent
and 20 to 40% of the efferent arterioles showed renin—positivity
at the hilus of the glomerulus. At least 40% of the afferent
arterioles also contained renin positivity too far removed from
the glomerulus to be under the influence of the macula densa
and, thus, are probably under the control of other mechanisms.
The distribution of the kallikrein—positive cells reported here
appears to correspond with that described for the connecting
tubular (CNT) cells for the rat [14]. Contrary to previous
reports, no kallikrein—positive cells were seen in the first
portion of the DCT [8]. They were observed later in the distal
nephron: in the CNT which, in the rat, overlaps with the DCT
and initial collecting tubule (ICT). The characteristic cells for
each of these segments intermingle over varying distances [14].
In addition, intercalated cells, which are also known to be
kallikrein—negative, are abundant in the CNT. Thus it is not
surprising that, as a rule, kallikrein—positive cells were seen
lining the distal tubule interspersed with kallikrein—negative
cells. On occasion, two tubules containing kallikrein—positive
cells may be seen merging into another tubule lacking such
cells. It is not clear whether these kallikrein—positive tubules
represent only CNTs forming arcades or if kallikrein—positive
cells may also be present in the ICT. However, it is likely that
the collecting duct is kallikrein—negative, since no kal-
likrein—positive cells were observed in the tubules of the
medullary rays or in the medulla.
The first evidence indicating that kallikrein was located in the
CNT was provided by microdissection studies in the rabbit [15,
16]. In this animal, kallikrein activity was found to be greatly
concentrated in the granular portion of the distal nephron which
is known to contain the greatest number of CNT cells. The
results of a microdissection study in the rat also points to the
CNT as the principal site of kallikrein localization in the kidney
[17]. As shown previously by light microscopy [3, 8, 18],
kallikrein—positivity appeared mainly in the apical portion of the
cell. In addition, immunoelectronmicroscopy showed that kal-
likrein immunoreactivity was associated with free polyribo-
somes, rough endoplasmic reticulum and Golgi complex [19]. In
early immunohistochemical studies, very little immunoreactiv-
ity for kallikrein was observed in the luminal and basal mem-
branes [19]. Later investigations, however, in which treatment
with Triton X-l00 was omitted from the immunostaining pro-
cedure, disclosed a significant staining of such membranes [20].
This observation agrees with the biochemical demonstration of
kallikrein associated with membranes isolated from the kidney
[21, 22]. The association of kallikrein with the ribosomal
structures in the CNT cells and the presence of kallikrein in the
renal microsomal fraction are consistent with the CNT being a
site of kallikrein synthesis in the rat.
The anatomical relationship between renin— and kal-
likrein—positive structures in the kidney has been a matter of
some controversy. Faarup, nearly twenty years ago, reported
that in three of the five subcapsular nephrons that he could
trace, the distal tubule ran toward the capsule after leaving the
JGA and later returned to the vascular pole and afferent
arteriole of the same nephron [23]. Those observations have
been confirmed and, furthermore, it was found by light micros-
copy that cells with morphologic features consistent with CNT
cells appeared adjacent to granular JG cells [241. In addition,
microdissection studies have also shown a close association
between the late distal tubule and the glomerular arterioles [1].
From the above observations a close proximity could be
predicted between renin— and kallikrein—immunoreactive cells.
Contrary to that expectation, investigations using alternate
serial frozen sections to localize individually the two antigens
failed to identify any close relationship between kallikrein— and
renin—positive structures [8]. In the study reported here, how-
ever, by simultaneously localizing renin and kallikrein in the
same section, a very frequent and close proximity was shown
between kallikrein— and renin—positive cells and even more
frequently between the late distal tubule and the afferent
arteriole. A possible reason for the discrepancy between our
results and those of the study mentioned above could be that
the dimensions involved make it unlikely that this anatomical
relationship would be apparent in sequential sections. In the
present work staining for both antigens in the same section
obviated that problem. Although fixation, section thickness and
other methodological considerations might affect the absolute
values of the distances reported in this paper, they still do not
negate the close proximity observed between renin— and kal-
likrein—positive structures.
The frequent and close proximity between the renin— and
kallikrein—containing structures suggests an anatomical basis
for an interaction between the renin—angiotensin and kal-
likrein—kinin systems in the kidney. Kallikrein activates renin
"in vitro" [7] and both kallikrein and kinins have been shown to
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stimulate renin release from isolated rat glomeruli with the
afferent arteriole attached [25, 261. Perhaps a more intriguing
consequence of a very frequent close anatomical proximity of
the late distal tubule (with the kallikrein—positive cells as a
marker) and the afferent arteriole is that it may point towards an
interaction between the functions of those structures. Kal-
likrein present in the basolateral membrane [20—22] might be
released in the interstitium [271 leading to the formation of
kinins, which may regulate the vascular tone of the afferent
arteriole and consequently renal blood flow and glomerular
filtration rate. Direct action of kinins on the tone of the afferent
arteriole may also secondarily affect renin release.
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